Summary Partial or complete stickiness of chromosomes and disorientation of spindle were the major anomalies observed in meiocytes of Trigonella plants raised from seeds treated with different concentration of sodium azide for three durations. Other aberrations were unequal separation, non synchronous division, bridge, laggard, stray etc. The pollen fertility and yield showed an increase over control despite the high frequency of stickiness and spindle disorientation. Yield was positively correlated with stickiness, indicating a balancing/regulatory effect of stickiness at the time of gamete formation. Meiosis, an event of high evolutionary stability, plays a dual role as it halves the chromosome number in order to maintain ploidy level after fertilization and also ensures viability of gametes. It is a major event in the life cycle of any individual and a normal and harmonious completion of the cytological action is controlled by large number of genes, which act from pre-meiotic to post-meiotic stage. Mutation in these genes causes abnormalities that may or may not impair pollen fertility.
fasten the stain and then pressed between the folds of a blotting paper for chromosome separation. The slides were sealed with wax and studied for meiotic stages, chromosomal behavior and various anomalies; later the slides were made permanent, by some modifications in the acetic-butanol schedule (McClintock, 1929) .
Results
Meiotic study of PMCs of control plants revealed a diploid status with chromosome number 2nϭ16 (Fig. 1A-C) . In treated plants however, abnormalities like chromosome stickiness, abnormal spindle, asynchronous movement of chromosomes, precocious movement, unequal separation, laggards, bridges and multiple bridges were observed (Fig. 1D-O) . All the meiotic abnormalities observed in present investigation of sodium azide treated plants have also been observed by workers in different plants materials after treatment with physical or chemical mutagen (Reddy and Annadnai 1992 , Mitra and Bhowmik 1996 , Anis et al. 2000 , Kumar and Srivastava 2001 .
Stickiness and abnormal spindle were seen at almost all doses and durations of treatment. The frequency of stickiness of chromosomes was highest at 0.25% sodium azide 2 h and lowest at 0.10% sodium azide 2 h while abnormal spindle orientation was highest at 0.15% sodium azide 6 h and lowest at 0.10% sodium azide 4 h. Seed yield varied for these treatments in 0.25% sodium azide 2 h, seed yield was 258 per plant, in 0.10% sodium azide 2 h, seed yield was 154 per plant, in 0.15% sodium azide 6 h, seed yield was 193 per plant and in 0.10% sodium azide 4 h, seed yield was 159 per plant. All these values were greater than control (127 per plant). However, pollen fertility was not much affected at any of the above doses (Table 1) .
Beside these two aberrations, tripolar separation and unequal separation were also observed. Tripolar separation percentage was highest at 0.20% sodium azide 2 h and least at 0.10% sodium azide, both 4 h and 6 h. Unequal separation was highest at 0.25% sodium azide 2 h and least at 0.20% sodium azide 4 h.
At 0.25% sodium azide 6 h, pollen fertility was normal but seed yield per plant (71.17) was less than control. Multiple bridges were observed in large number of cells (3.57%) and were higher than all other abnormalities at this dose. Multiple bridge was also observed at 0.10% sodium azide for 2 h, but its percentage was very low (0.5%), and here again seed yield was higher than control.
The percentage of laggards was high at 0.15% sodium azide 6 h and less at 0.10% sodium azide 4 h. Precocious movement of chromosome at 0.10% sodium azide 4 h was highest and lowest at 0.15% sodium azide 2 h. Cytoplasmic connection, first described by Gates (1908) and responsible for transfer of nuclear material from one meiocyte to another (cytomixis) was found at two concentrations of highest duration i.e. 0.15% sodium azide 6 h and 0.20% sodium azide 6 h and two concentrations of intermediate duration i.e. 0.10% sodium azide 4 h and 0.25% sodium azide 4 h.
Overall percentage of aberration was highest at 0.20% sodium azide 2 h and lowest at 0.25% sodium azide 6 h ( Fig. 2A) . It was also observed that though percentage of abnormalities was high but pollen fertility was not very much affected. Abnormalities were spread over metaphase I to anaphase II, but at telophase II anomalies were few in number. Consequently pollen development was normal and yield was higher at almost all concentrations, except 0.20% sodium azide 4 h and 0.25% sodium azide 6 h.
The low concentrations of sodium azide (0.10%, 0.15%) for lesser duration (2 h) generated less abnormality while high concentration of sodium azide (0.20%, 0.25%) for less duration (2 h) was responsible for generating higher percentage of abnormalities. At lower duration (i.e. 2 h) the yield was found to enhance with increasing concentration of sodium azide. However, the yield did not show any pattern at longer duration (i.e. 6 h). At intermediate duration (i.e. 4 h) initially yield decreased with increase in concentration, but increased at the highest concentration, i.e. 0.25% ( Fig. 2A and B) .
The correlation coefficient between stickiness and spindle, stickiness and yield and spindle and yield, respectively (Table 2) , for lower duration the value of correlation coefficients was found to be positive and significant between each of them. For higher duration, positive correlation was observed between stickiness and yield, spindle and yield however negative between stickiness and spindle, for intermediate duration only stickiness and yield showed positive correlation.
Discussion
In our investigations, both stickiness and yield increased with concentration of the mutagen for lower duration of treatment (2 h). The higher duration pattern of stickiness and yield was same, however it showed highest yield at lowest concentration and vice versa and for intermediate duration the percentage of stickiness decreasing with concentration and the yield was also decreasing for initial three concentrations but at highest concentration the yield slightly higher to that of its preceding concentration which also showed minimum yield for the duration.
Stickiness was identified by Koernicke (1905) and the term stickiness was first used by Beadle (1932) , while describing sticky behavior of chromosomes in maize cells that had suffered a mutation. Stickiness is characterized by chromosome clustering during any phase of cell cycle. In our investigations it was observed in highest numbers, the phenotypic manifestation of stickiness in Trigonella was variable, ranging from a mild phenomenon involving only a few chromosomes in genome, to an extensive one involving the entire chromosome complement.
Chromosome stickiness can be due to genetic or environmental factors (Consolaro and Pagliarini 1996, Souza and and several agents have been reported to cause stickiness of chromosomes. Mitra and Bhowmik (1996) reported stickiness as most common abnormality in Nigella sativa. It could be due to partial dissociation of the nucleoproteins and alteration in their pattern of organization or due to depolymerization of nucleic acid caused by mutagenic treatment. In severe cases of stickiness, lack of chromosome separation provoked the formation of single or multiple pycnotic nuclei which culminated in full chromatin degeneration. Depending on the tendency of stickiness, pollen fertility may be partially or completely affected. Gaulden (1987) postulated that sticky chromosomes may result form defective functioning of one or two types of specific non-histone proteins, involved in the chromosome organization which are needed for chromatid separation and segregation. The occurrence of chromosome clump was previously associated with sterility and degeneration (Falusi et al. 2005) . However, in C. annuum and C. frutescence high per- centage frequency of chromosome clumping had no effect on pollen viability and seed yield, which was high in the two species (Falusi 2006) . We have also found clumping to have a beneficial effect on the viability of gametes and corresponding yield. Spindles are generally bipolar and act as a single unit, playing a crucial role in the alignment of the metaphase chromosomes and their poleward movement during anaphase. This meiotic organization is important, because depending on shape, the spindles can rejoin or split the chromosome complement. Tripolar, multipolar and unoriented spindles can produce unbalanced and sterile gametes. The second common anomaly observed was unoriented spindles and was found to show negative correlation with yield, indicating that this anomaly had a bearing on gamete formation.
Chromatin bridges and micro nuclei were described for first time in interspecific hybrids of Glycine maxϫG. soja by Ahmad et al. (1977) , who found that extent of abnormalities was influenced by environmental conditions. The same abnormalities was reported by Ahmad et al. (1984) , who concluded that chromosome behavior and fertility depend on at least three factors-genotype, temperature and genotype temperature interaction. Sodium azide treatment produced bridges and micronuclei in T. foenum-graecum, but in relatively lesser numbers.
Precocious chromosome migration to poles can result from univalent chromosomes at the end of prophase I or precocious chiasma terminalization in diakinesis or metaphase I. Univalent may originate from absence of crossing over in pachytene or from synaptic mutants. Chiasmata are responsible for the maintenance of the bivalents which permit normal chromosome segregation and the process ensures the pollen fertility (Pagliarini 1990 , Defani Scoarize et al. 1995a , b, Consolaro et al. 1996 . Other segregational abnormalities like non oriented bivalents and laggards leads to the formation of micronucleus (Koduru and Rao 1981) .
Fertility depends on efficiency of the meiotic process. Studies on different plant species have shown that the decline in seed production is correlated with meiotic irregularities (La fleur and Jalal 1972, Dewald and Jalal 1974 , Moraes-Fernandes 1982 , Smith and Murphy 1986 , Pagliarini and Pereira 1992 , Pagliarini et al. 1993 , Consolaro et al. 1996 , Khazanehdari and Jones 1997 . In most of the soybean varieties, pollen fertility showed a close relationship with meiotic abnormalities. Most of the varieties had few meiotic abnormalities, as a consequence, high pollen fertility.
According to Falusi (2006) , heterochromatic regions of some of the chromosomes could fuse during early in the first meiotic division; result in the formation of chromatic knots or prominent chromosomal interconnections. Akpabio (1990) reported a similar condition in Crowlaria species. Further as meiosis progressed in the number of interconnections or clumping decreased. The absence of interconnections and clumping in later stage of meiotic division coupled with the high pollen viability and yield, lead to the conclusion that stickiness of chromosomes during early stages could be strategy for survival and not an aberration. In soybean the percentage of cells with meiotic abnormalities was higher in metaphase I and decreased till telophase II (Koduru and Rao 1981) , similar to our observation in T. foenum-graecum. Kumar et al. (2006) reported that morphologically vigorous plants show more accumulation and more sticky behavior because stickiness of chromosomes may affect the hyperaccumulation ability of the plant by causing mutation in gene of accumulation. Spindle related aberrations probably cause greater damage to viability of gametes and stickiness or clumping of chromosomes seems to be an appropriate possible adaptation to circumvent the damage and result in viable gametes.
